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A major goal of molecular electronics is to make use of sin-
gle molecules that function as switches on metal surfaces. This
requires the development of molecules which can reversibly
switch between two conductive states in response to an exter-
nal trigger. Light is a very attractive external stimulus for such
switches because of the ease of addressability, fast response
times, and compatibility with a wide range of condensed
phases.
[1] Optoelectronic switches would offer a new function-
ality to molecular electronics provided that their switching
properties are preserved when bound to a metal surface. In-
deed, interactions between molecules and a substrate can con-
siderably decrease the lifetime of the excited state of the mol-
ecules.
[2]
Diarylethenes are promising synthetic photoswitchable
molecules because of the outstanding fatigue-resistant light-
induced reversible transformation they undergo between two
isomers with different absorption spectra.
[3] The difference in
geometry and electronic structure between the two isomers,
which is the origin of the color switch in various media,
[4] has
also been successfully exploited to reversibly control other
properties such as fluorescence wavelength and intensity,
[5]
electrochemical properties,
[6] acid–base equilibrium con-
stants,
[7] and magnetic
[8] and self-assembling properties.
[9]
However, only a few attempts have been made to switch the
conductance of surface-bound molecules using light.
[10–12]
Light-induced switching of conductance has been studied for
individual diarylethenes linked to gold through a thiophene
spacer but only one-way switching was reported.
[10,11] Theoret-
ical studies predicted that the possibility to switch reversibly
critically depends on the linker used.
[13,14] Recently, photo-
isomerization was reported for diarylethenes with a methyl
spacer and a phenyl linker in the para position.
[12] It was also
shown that such a phenyl spacer can preserve the photochro-
mic reactivity of a dimer in solution.
[15] In this communica-
tion, we present direct evidence of reversible switching of a
diarylethene with a phenyl group spacer in the meta position,
grafted on Au(111).
The two isomers, which correspond to a closed and an open
form of the molecule, are shown on Scheme 1. The p-conjuga-
tion extends over the entire molecule in the closed form,
whereas it is restricted to each half of the molecule in the
open form. As a consequence, the closed form is expected to
exhibit better electrical conductance than the open form. We
will thus refer to the two forms as the “ON” and the “OFF”
states of the switch, respectively. The UV-vis spectra of this
molecule in toluene show that the wavelengths that can be
used for ON to OFF switching are 420<k<650 nm, and
300<k<350 nm for the reverse operation (see Supporting In-
formation). The anchoring of the molecule to the gold surface
is ensured by a thiol anchor group. For reasons of stability, the
thiol group is protected by a thioacetate function that splits
off spontaneously upon chemisorption.
[16]
Two-dimensional isolation of molecules in host self-as-
sembled monolayers (SAMs) in combination with scanning
tunneling microscopy (STM) can be used to study individual
molecules embedded in a dodecanethiol matrix.
[17] STM mea-
sures a so-called apparent height that is a convolution of elec-
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Scheme 1. Diarylethene switch bound through a thiol bond to Au(111).
The ring-closed form corresponds to the more-conductive ON state (left)
and the ring-open form corresponds to the less-conductive OFF state
(right). The ON state of this molecule is converted into the OFF state by
visible light, and the OFFstate returns to the ON state under UV light.tronic and topographic characteristics. Consequently, it allows
in situ studies of conductance modification on isolated
switches within a matrix of dodecanethiol. Figure 1a, left pan-
el, shows an STM picture where individual molecules from
the alkanethiol lattice are distinguishable. The depressions
with a dark contrast correspond to etch pits and have a depth
of approximately 0.3 nm, consistent with the expected value
of 0.28 nm.
[18] The apparent height of dodecanethiol is ap-
proximately 0.1 nm. In Figure 1a, right panel, the same do-
mains of close-packed dodecanethiol molecules are visible. In
this picture, a photochromic switch appears as a bright protru-
sion. The picture on the right panel was obtained by UV irra-
diation of the sample, as displayed in the left panel. This
means that, as expected, the photochromic molecule switched
from OFF to ON. There is no distinct difference between the
apparent heights of dodecanethiol and the switch in the OFF
state, but the diameter of the corresponding spot of the switch
is larger (ca. 2.0 nm). This is the expected diameter for an in-
serted molecule and it is in accordance with previous observa-
tions on single molecules.
[17] In the ON state, the apparent
height of the bright spot is increased. This is consistent with
previous reports showing that the resistance of the ON isomer
is in the megaohm range, whereas it is more than two orders
of magnitude higher for the OFF form.
[10,12] Under our typical
scanning conditions (tip bias, VT≈–800 mV, tunneling current,
iT≈10 pA) the apparent height of switches in the ON state is
0.60±0.15 nm. The standard deviation is relatively large but
consistent with standard deviations reported for apparent
heights of conductive nanowires.
[17,19] In Figure 1b, we demon-
strate switching in both directions for single molecules. Low-
contrast spots corresponding to OFF switches transform into
bright spots under UV-light irradiation, and reversibly, bright
spots corresponding to ON forms become less conductive un-
der visible-light irradiation.
[20] The observed modifications in
the apparent height could be due to an attenuation of the con-
ductance of the molecules, a change in their physical height,
or a combination of both. However, the difference in molecu-
lar length between the open and closed forms is very small
(0.1 nm). Consequently, we attribute the two different STM
contrasts to two different conductive states of the switches.
The apparent height difference is thus a signature for the two
distinctive conduction states of a single molecule. We note
that this conductance switching is fundamentally different
from length switching, such as observed in diazobenzenes, al-
though both are investigated using the STM apparent
height.
[21]
Using STM, we have shown that many molecules switch
back and forth under appropriate irradiation. This constitutes
a strong indication that we have succeeded in reversibly
switching a photochromic molecule on gold. However, this
does not constitute sufficient proof to assign
conductance switching to a light-induced phe-
nomenon. Random conductance switching of
individual thiol-derivatized conjugated wires
surrounded by alkanethiols has been previously
reported
[17] and attributed to fluctuations of
the Au–S bond
[22] or to tip-induced conforma-
tional modifications of the molecules.
[23] In or-
der to unequivocally demonstrate light-con-
trolled switching, it is essential to use statistics.
In the following section, this is demonstrated
first for a small number of isolated molecules
and then for a large ensemble of molecules in a
uniform diarylethene monolayer.
For each STM picture of a mixed monolayer
of dodecanethiol and switches in the ON state,
we use a routine to determine the number of
molecules in the ON state, which present an
apparent height over a fixed threshold of
0.40 nm. A curve displaying the number of
molecules in the ON state as detected by STM
during in situ irradiation is given in Figure 2.
After 30 min of scanning, irradiation of the
switches with visible light is started
(k>420 nm). The number of molecules in the
ON state drops immediately and reaches a low-
er level after typically 20 min, with some fluc-
tuations. After stabilization of this part of the
curve, UV irradiation is started (k=313 nm)
and the number of molecules in the ON state
increases. While UV irradiation continues, a
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Figure 1. In situ evidence of light-controlled switching of single molecules. a) STM images
registered in a time interval of approximately 3 min on the same area under UV
(k=313 nm) irradiation. The molecular resolution of the alkanethiol lattice is evidenced by
theclassical (√3×√3)R30°structurein thetop-leftpartofthepictureand thec(4×2) super-
structure in the bottom-right corner of the picture. The conductance modulation of the
switches resulting from OFF to ON transition is visible (12 nm×12 nm, VT=–0.853 V,
iT=12 pA). The cross sections show that the OFF form slightly protrudes from the mono-
layer with an apparent height of approximately 0.1 nm, whereas the ON form has an appar-
ent height of approximately 0.5 nm. b) Extracted frames displaying single molecules
(8 nm×8nm).Thetimeintervalbetweenframesis3 min.ONtoOFFswitchingis observed
duringirradiationby visible light andthereverseprocessoccursduringUVirradiation.plateau is reached after the same characteristic time constant
of 20 min. The correspondence between changes in irradia-
tion and changes in the slopes are strong indications of the oc-
currence of light-induced processes. The reversibility of the
phenomenon indicates that the molecular switch is not de-
graded. The establishment of plateaus is a characteristic of
photoinduced isomerization mechanisms in which an equilib-
rium between two isomers is obtained. The time needed to
reach such a photostationary state for the same switches in so-
lution is 2 min. This difference of one order of magnitude be-
tween switching times in solution and on the surface is proba-
bly due to shortening of the lifetime of the excited state of the
photochromic molecule by interaction with the metallic sur-
face. Other studies of the photochemistry of monolayers on
metal surfaces have shown that the excited states are partially
quenched by the metal, and that the observed reaction quan-
tum yields are lower than either in solution or in the solid
state.
[24] Also, a relatively low intensity of the light reaches the
sample in the STM setup. After repopulation of the ON state,
the number of ON molecules is decreased by 10% compared
to the initial situation. Presumably, this is due to the fact that
the photostationary state for switches on Au(111) is modified
by the presence of the metal surface. The fluctuations ob-
served within each plateau may have different origins. The
first one is the well-known random switching.
[17,22] Second, we
do not exclude a possible influence of tip-induced switching
between the ON and OFF states promoted by electrochemical
changes in the molecule.
[25] Nevertheless, the plateaus corre-
sponding to ON and OFF states are clearly recognizable and
show an ON to OFF ratio of 2.5. This ratio is comparable with
electrochemically activated molecular switching systems on
surfaces.
[26] The fact that some ON state molecules cannot be
switched to the OFF state is attributed to tilting of these mol-
ecules towards the surface, which quenches their excited state
and thus prohibits light-induced switching. This indicates that
the insertion matrix plays a critical role in the switching of the
guest molecules.
In order to couple STM experiments to independent opti-
cal-spectroscopy experiments, we prepared conductive but
semitransparent Au(111) surfaces of 20 nm thickness. The
quality of Au(111) was checked by STM. Subsequently, we
formed a SAM of the switches in the ON state without dodec-
anethiol. The UV-vis spectra of these SAMs were not directly
informative because of the relatively low concentration of the
molecules and the absorption due to the gold plasmon band.
Hence, the following procedure was adopted: after self-assem-
bly of the switches in the ON state, measurement of an initial
spectrum (ION) is followed by 10 min irradiation using visible
light to allow a photochemical ring-opening. A second spec-
trum is recorded (IOFF) and the cycle is completed by 5 min
of UV irradiation. The differential spectrum ION–IOFF re-
veals a broad absorption feature at kmax=540 nm (Fig. 3).
The position of the band corresponds to the kmax of the differ-
ential absorption for the same switch in solution. Conse-
quently, we attribute the observed feature to the ON to OFF
absorption band for the switches on Au(111). A key factor
that allows its assignment to the light-triggered molecular-
switching process is its reproducibility and reversibility
through several switching cycles. Also, control experiments on
self-assembled monolayers of dodecanethiol never produced
any significant absorption in the UV-vis spectrum. Over the
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Figure 2. Number of ON switches as a function of time for
60 nm×60 nm images. The images correspond to the series displayed
in Figure 1. The plain horizontal lines correspond to mean values of the
plateaus of the data. The dotted lines are guides to the eye.
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Figure 3. Reversible conversion from ON to OFF states of the switch
grafted on semitransparent Au(111) as determined by UV-vis absorption
spectroscopy. The curves represent differential spectra of the ON state
minus the OFF state. The dotted line represents differential absorption
for the molecules in toluene. The observed peak corresponds to absorp-
tion in the visible range, which is used to switch from ON to OFF. The
spectrum has been normalized for comparison. Solid lines represent dif-
ferential absorption after three successive cycles of visible (k=420 nm)
and UV (k=313 nm) irradiation of an initially ON form. The brighter line
corresponds to the first cycle, the darker one to the third cycle. Typical ir-
radiation times are 10 min for visible and 5 min for UV light.three cycles presented in Figure 3, the system shows revers-
ible switching without evidence of significant degradation or
change in the switching properties. This experiment shows
that collective structure–property relationships are preserved
upon self-assembly of the switch on Au(111). The photochem-
ical reaction of such switches in self-assembled monolayers is
apparently not hampered by molecule–molecule interactions
in accordance with the minor conformational change taking
place during ring-opening or ring-closing of diarylethenes.
In summary, we have demonstrated light-controlled revers-
ible conductance switching for meta-phenyl-linked diaryleth-
enes on gold. This is drastically different from the behavior of
the switch used earlier,
[10] which had a thiophene linker. Inter-
estingly, the meta-phenyl spacer forms a cross-conjugated sys-
tem, whereas the thiophene is fully conjugated with the
switching unit. This suggests that the reversibility of switching
is directly related to the conjugation between the switching
unit and the substrate.
[12] Indeed, such a relation was sug-
gested in recent theoretical studies
[10,13] To investigate this
feature, further experiments will be carried out with a variety
of linkers. Understanding the interplay between molecular
structures and switching properties will provide a firm basis
for creating optoelectronic devices.
Experimental
Synthesis and characterization of the photochromic diarylethene
switch are detailed in the Supporting Information. Au(111) surfaces
were prepared by deposition of gold in ultrahigh vacuum onto freshly
cleaved mica heated at approximately 650 K. After annealing in a hy-
drogen flame, the surfaces were placed in a 0.5 mM solution of dodec-
anethiol (Acros, 98.5+%) in ethanol for 12 h at room temperature.
The solution was then heated for 5 h at 330 K. After removal of the
sample from the dodecanethiol solution it was rinsed three times with
ethanol and immersed for 12 h at room temperature in a 0.5 mM solu-
tion of diarylethene switch in ethanol. After drying the samples, STM
measurements were performed in air with a Picoscan (Molecular Im-
aging). Tips were mechanically etched from a Pt–Ir wire (80:20)
0.25 mm in diameter (Goodfellow). Illumination of the SAMs during
STM scanning was carried out with a 200 W Hg lamp (LOT-Oriel)
with appropriate filtering and fiber optics. The typical drift evaluated
by following the position of a step edge or a defect over time was
0.5 nm per min. This drift was partially compensated by controlled
displacement of the scanning area. More experimental details are giv-
en in the Supporting Information.
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